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Abstract

The use of electron spin in future spintronic applications requires hybrid ferromagnetic/semiconductor structures with well
controlled materials properties. Besides the control of the magnetic properties there are strict requirements for the material aspects
of these devices: single phase, single crystal, perfect interfaces, defect control. Molecular beam epitaxy (MBE) has been used
very successfully over the past 10 years to produce the most interesting spintronic heterostructures. In this paper we review our
effort in using MBE to fabricate spintronic materials and heterostructures. We also discuss some aspects of future spintronic
devices with the focus on the material aspects of transferring the electron spin information from the magnetic side of the
heterostructure into the semiconductor side. © 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Molecular beam epitaxy (MBE) has proven its
strengths in many fields of research and development
on (opto-)electronics over the past decades. Spintronics,
the field of electronics where the use of the electron
spin in semiconductor components is envisaged, is no
exception. In order to fabricate devices that intend to
combine magnetic and semiconductor properties in very
intimate way, the physical combination of the materials
is required. One important requirement for spintronic
components is the injection of electron spin polarized
current into a semiconductor heterostructure, a process
mostly referred to as spin-injection. This spin-injection
process can be achieved by realizing a magnetic contact
on a semiconductor or by the incorporation of some sort
of spin-filter. This paper aims to illustrate the strength
of MBE in realizing materials combinations that can
lead to efficient spin-injection. It is not the ambition to
give an exhaustive description of all possible materials
combinations, but rather to review some important
aspects of spin-source fabrication illustrated with some
recent results from our own research activity. In line
with today’s emphasis to demonstrate the spin-injection
process in II-V (electroluminescent) semiconductor
devices, the paper will be focused on GaAs based
epitaxial heterostructures.

*Corresponding author. Tel.: +32-16-281518; fax: +32-16-
281501.
E-mail address: deboeck@imec.be (J. De Boeck).

In the first part of the paper we will describe the
epitaxy of metallic ferromagnetic elements and alloys
on GaAs. We review some results of initial experiments
on Fe and Co epitaxy, since these materials are in the
picture for Schottky barrier spin-injection devices today.
Further, a brief description of Mn-based alloys will be
presented, justified by the wealth of possible Mn-III or
Mn-V alloys that can be epitaxially grown on GaAs
with various properties. This section is followed by a
summary of the results obtained recently on the epitaxial
growth of NiMnSb on GaAs, a half-metallic magnetic
alloy, that has potential to serve as a spin-source with
100% spin-polarization. We will further briefly discuss
some results on the realization of heterostructures includ-
ing two magnetic layers spaced by a semiconductor or
vice versa.

A very appealing class of materials for spintronics is
that of magnetic semiconductors, illustrated in this paper
by (Al,Ga)MnAs. A concluding section deals with the
contact strategies (ohmic, Schottky barrier or tunnel
barrier) for spin-injection reports in which where the
described materials combinations play an important role.

2. Epitaxy of metallic ferromagnets on semiconductor
substrates

2.1. Requirements for good epitaxy

With the continuing downscaling of devices and with
the advent of nanoscale devices, the dimensions of, e.g.
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Fig. 1. Schematic representation of the conditions for realizing good epitaxial metal III-V heterostructures.

the metal contacts can be on the order of the grain size
of the polycrystalline metals normally used. Although
this might not be an important issue for standard
electronic devices, it is a very important issue for devices
working with the magnetic properties of the metallic
contacts. Magnetic properties such as anisotropy and
available spin-polarization, e.g. are very closely linked
to crystal structure and orientation. MBE enables to
realize epitaxial metallic structures with well-controlled
crystal orientation and quality.

Epitaxy of metals on semiconductors has been an
active area of research over the past two decades. Many
successful attempts have been reported to deposit stable,
single crystal metallic thin films on semiconductor
surfaces. An excellent review of such studies for metal—
III-V semiconductor combinations is published by
Sands et al. [1]. The items of concern are schematically
shown in Fig. 1. We finally want to arrive at a pinhole-
free, monocrystalline metal. The interface should remain
well defined after possible heat treatment during device
fabrication or operation. Eventually, one may attempt to
fabricate a metal/semiconductor/metal stack multilayer,
in which case the epitaxy criterion is of importance to
maintain good quality semiconductor overgrowth.

The result after annealing in conditions A of Fig. 1
is the typical case for a metal contact to a semiconductor
structure, in, e.g. MESFET technology. After annealing
many phases may form and the metal layer is polycrys-
talline in nature. In the as-grown condition there is no
tendency to form a continuous layer due to the failure
to meet the epitaxy criterion.

In case B (Fig. 1), there exists some epitaxial relation
to the semiconductor, which helps to stabilize the metal
layer. After heat treatment, phase separation occurs due
to thermodynamical instability. When meeting both the

epitaxy and the thermodynamical criteria, as in case C,
the annealing will still cause problems due to insufficient
morphological stability. The alloy phase that was depos-
ited epitaxially as grown, will ball up into a highly
textured polycrystalline film. Notice that, often metal-
IIT or metal-V alloys have a higher chance to remain
thermodynamically stable. In the final case (D), all three
criteria are fulfilled and a stable metal/III-V heteros-
tructure results. In this case, semiconductor overgrowth
can be attempted with a reasonable chance of success.
An example of the latter are GaAs/ErAs/GaAs resonant
tunneling structures [2-4] and GaAs/AlAs/NiAl/
AlAs/GaAs [5]. In the case of the GaAs/ErAs/GaAs
heterostructures [6,7], a negative differential resistance
was observed at room temperature for ErAs thicknesses
in the range of 2.6—-5 nm [8]. The success was attributed
to the use of a Mn-template monolayer deposited prior
to ErAs deposition.

2.2. Co and Fe epitaxy on GaAs

Fig. 2 shows a set of examples metallic and ferro-
magnetic structures that have been grown epitaxially on
GaAs. The report on epitaxy of Co on GaAs by Prinz
[9] is one of the pioneering papers on magnetic/
semiconductor epitaxy [10]. Quite some research groups
have been very active in the study of epitaxy of
elemental magnetic thin films of Co and Fe on GaAs
(for a review see also Bland and Heinrich [11]). Such
studies have addressed in detail the evolution of the
magnetic anisotropy of thin (a few monolayers) Fe [12]
and Co films on GaAs. The substrate conditions prior
to metal deposition are crucial in the control of this
anisotropy since contributions to the net magnetic ani-
sotropy arise from the formation of the interface and
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Fig. 2. A set of magnetic materials, well suited for epitaxy on the zinc-blende Ga(Al)As.

early stages of metal film growth. The determining
factors are the initial metal adsorption sites and subse-
quent bond or site filling, and are strongly dependent
on the semiconductor surface reconstruction [13,14].
Also, anisotropies can be influenced by surface topog-
raphy, such as in the case of epitaxy on cross-hatched
InGaAs epilayers [15], and by the early stages of the
growth (e.g. step bunching and island formation). The
domain structure and magnetization reversal processes,
dictated by the induced magnetic anisotropy, have been
studied in-situ and ex-situ.

In the case of Cobalt epitaxy on GaAs a forced phase
[16] of Co, the bec phase [9], can be realized due to
the epitaxial relationship. A review of the bce Co related
work until 1991 was given by Prinz [17]. More recently
the study of bcc Co as seed layers for epitaxial metal
structures on GaAs has been reported, as well as further
studies on the structural [18] and magnetic properties
[19] of bec Co and CoFe alloys [20]. The appearance
of bcc Co in superlattices of Co/Fe [21-23], Co/
Pd(111) [24] and Co/7-MnAl [25] has been demonstrat-
ed. In the case of the Co/Fe superlattices, nuclear
magnetic resonance (NMR) measurements on the short
range chemical order in combination with hyperfine
field experiments have illustrated the limits of stability.
In superlattices with Co thicknesses above 2 nm, alloy
formation with Fe at the interfaces is responsible for the
observation of the bcc phase. From reflection high
energy electron diffraction (RHEED) during the growth
of the Co, it was concluded that the bce phase is not
sustained beyond approximately 1 nm.

2.3. Epitaxial Mn-based alloys on GaAs

When a metal alloy contains either a group Il or a
group V element, good interface characteristics can be
expected. MnAs is such an alloy, that has been grown
epitaxially on GaAs [26-28], for which it was shown
that the preparation of the semiconductor surface before
growth changes the orientation of the epilayer with
respect to the crystal orientation of the substrate. Another

example of this class is MnSb epitaxy which has been
demonstrated recently [29,30]. As in the case of ele-
mental metals, the magnetization of these epitaxially
grown alloys is in the plane of the film. Another
interesting class of epitaxial magnetic films is that of
Mn-1IIT alloys, in which the magnetization is out of the
plane. Examples of this class are Mn-based magnetic
thin films such as T MnAl [31,32] and § MnGa [33,34]
(see Fig. 2). In these cases, the epitaxial growth on a
III-V semiconductor substrate (such as GaAs) is the
key to obtaining the desired perpendicular magnetiza-
tion. The metastable phase T MnAl can be stabilized by
coherence to the semiconductor substrate and due to the
epitaxial relationship, the c-axis of the tetragonal lattice
is normal to the growth surface. As a consequence, the
easy axis of the magnetization of the thin film points
out of plane. The flexibility in engineering new epitaxial
multilayers and new magnetic properties using this class
of ferromagnetic films have been demonstrated: MnGa/
NiGa [35] which multi-stepped hysteresis loops and
ferrimagnetic © MnAl/Co superlattices on GaAs [36—
38], in which both magnetic sub-layers of the superlat-
tice have a perpendicular magnetization, which are
aligned anti-parallel at zero field. Very large antiferrom-
agnetic interface coupling strength is observed, together
with a strong perpendicular magnetic anisotropy for both
the 7 MnAl and the Co layers. Kerr hysteresis loops of
7 MnAl/Co superlattices show abrupt transitions from
anti-aligned to aligned states. The Co layers are found
to be partially in the bce phase.

In alloys like MnAl and MnGa, a large imbalance in
density of states for majority and minority spins exists
approximately 1 eV above the Fermi-level [39,40]. This
property makes them interesting for ballistic magneto-
transport studies in ferromagnet/semiconductor hybrid
devices.

2.4. Epitaxial half-metallic ferromagnets

Even if one can realize perfect epitaxial metallic
ferromagnets on a semiconductor, these structures will
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always suffer from the disadvantage that there is not a
100% polarization in the magnetic contact. Metallic
ferromagnetic contacts have, at best, a polarization on
the order of 40%. The spintronic device performance
will be enhanced greatly, as described in more detail in
the final section of this paper, when the spin-source for
the device is polarized a full 100%. Such a situation
occurs in half metallic ferromagnets, of which NiMnSb
is one example which has been shown theoretically
[41,42] and experimentally [43] to be half-metallic in
the bulk. It has the interesting property that it meets the
criteria to be grown epitaxially on GaAs [44]. The
NiMnSb/GaAs combination is an excellent candidate
for atomically controlled interfaces because its crystal
structure is very closely related to the zinc-blende
structure of III-V semiconductors [44]. With a bulk
lattice constant [45] of 5.903 A, NiMnSb shows a
mismatch of 4.4% with GaAs (c=5.6533 A). Our
samples, typically consisting of a 200 nm GaAs buffer
and 260-350-nm-thick NiMnSb films, were grown with
a base pressure of less than 1X107'° torr on either
GaAs (001) or (111) [46]. The growth was initiated by
simple co-evaporation of all three elements, i.e. no
attempt was made to control the nucleation of NiMnSb
on a particular plane in the initial experiments.

On GaAs (100), the best morphology was obtained
at a substrate temperature of approximately 300 °C,
where the RHEED patterns remained streaky throughout
the entire growth. The stoichiometry of the films
depended strongly on the Sb flux. Fig. 3 shows the Sb
content xg, of NiMnSb 1:1:xg, films grown with an Sb
BEP flux ¢$Sb=5~13X$Ni, as measured by Ruther-
ford back-scattering (RBS). In contrast to the growth of
III-V semiconductors, there is no self-limiting mecha-
nism for the incorporation of the group-V element.
Rather, there is an optimum flux ratio $Sb=10X ¢Ni
where stoichiometric films are obtained. Films grown
with lower Sb flux are Sb deficient, while films grown
at higher flux contain excess Sb. The total film thickness
reflects these changes in Sb incorporation (Fig. 3b,
determined by RBS).

All films grew in the (001) orientation as measured
by XRD. Stoichiometric films showed a lattice constant
¢ of 5.904-5.909 A that is almost identical to the bulk
lattice constant, while non-stoichiometric films, espe-
cially on the Sb-poor side, showed deviations, as indi-
cated in Fig. 3c. NMR studies were performed on these
films [47].

The room-temperature magnetization Ms shown in
Fig. 3d correlates well with the structural properties of
the films. Stoichiometric films have Ms of 450-570
kA/m slightly below the bulk value 720 kA/m and a
coercive field, H. of 2—4 mT. In addition, stoichiometric
films show a varying degree of in-plane uniaxial anisot-
ropy with the easy axis along (110} or {1 —10) depend-
ing on the growth conditions and on the choice of
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Fig. 3. Variations of the thin film properties of NiMnSb epitaxially
grown on GaAs (001) with the variation of the Ni to Sb beam equiv-
alent pressure.

interface layer. We are currently investigating the spin-
polarization at the interface of the NiMnSb and GaAs/
AlGaAs heterostructures by optical assessment of the
spin-injection.

Although there are many other candidates for half-
metallic ferromagnetic contacts, such as Cr,O with
measured polarization of 96% and above [48], they all
face the challenge to preserve the half-metallicity down
to the injection interface, in addition to be stable and
structurally ~ compatible ~ with  the  underlying
semiconductor.

2.5. SC/FM/SC and FM/SC/FM heterostructures

As the technology of building artificial structures
improves, even more challenging structures may become
possible such as epitaxial multilayers of magnetic metal
and semiconductors (case D in Fig. 1). Van Roy et al.
reported magnetoresistance and coupling effects as a
function of the (Ga,Mn,As) thickness in MnGa/
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Fig. 4. A TEM cross-section of a GaAs/spin-valve/Si spin-valve
transistor.

(Ga,Mn,As)/MnGa trilayers [49]. When such structures
are further optimized, control of magnetic properties
with external modulation sources such as optical power,
may become reality. Butler et al. have performed cal-
culations of the electronic structure of an Fe/GaAs/Fe
structure. They conclude that the simple models relying
on potential barriers or density of states from the bulk
may not apply to such FM/SC/FM structure [50].

Magneto-optical properties of Co(100)/Ge/Co trilay-
ers have been reported [51]. The coercivity and the
anisotropy of these structures oscillate with the Ge
thickness. CoPt/(Si, Ge)/Co trilayer and multilayer
structures have been fabricated and analyzed using CPP
magnetotransport [52]. In these structures a small steep
CPP resistance change has been found that was ascribed
to the change in the relative spin orientation of the Co
(magnetic soft) and the CoP (magnetic hard) layers.

Although these structures show promising results,
often stability at higher temperatures (even room tem-
perature) is a critical issue.

One interesting example of a semiconductor/ferro-
magnetic/semiconductor is that of the spin-valve tran-
sistor (SVT) [53,54]. This device is a metal base
transistor with a semiconductor emitter (either Si of
GaAs) and a semiconductor collector (Si) in which the
metal base is replaced by a spin-valve multilayer. Des-
sein et al. have succeeded in making a GaAs/SV/Si
version of the SVT [55] in which MBE has played a
crucial role for the fabrication of the Ga(Al)As emitter
structure. The SVT device is fabricated by a room-
temperature vacuum wafer bonding technique: two clean
and smooth semiconductor substrates are brought into
contact during the evaporation of the magnetic multilay-
er. The resulting bond is of very high structural and
electrical quality. This is illustrated by Figs. 4 and 5.
Fig. 4 shows a transmission electron microscopy (TEM)
cross-section of the finished GaAs/Spin-valve/Si SVT.
The magnetotransport characteristic in Fig. 5 illustrates
the functionality of the device [56].

3. GaMnAs ferromagnetic semiconductor
3.1. Low-temperature MBE for GaMnAs

Although magnetic (half-)metallic materials offer
great potential as contacts in hybrid spintronic devices,
they do not offer any flexibility in terms of modulating
their degree of spin-polarization. It would be nice to
have a magnetic material that is fully compatible with
a major class of semiconductors and that offers the
possibility to change its ferromagnetic properties with
light, voltage, current. Ferromagnetic semiconductors
have that potential, in particular the ferromagnetic sem-
iconductors that are based on GaAs and GaN II-V
semiconductors. The most studied of this family is
GaMnAs, in which a high concentration of Mn is
incorporated in the zinc-blende lattice of the GaAs host.
Again, MBE plays the leading role in the development
of this material because of the need for growing the
highly supersaturated GaMnAs far out of equilibrium
conditions. The success in GaMnAs ferromagnetic mate-
rial was initiated by the use of a low-temperature growth
procedure [57,58]. Growth at such a low temperature is
made necessary by the fact that at higher temperatures
there is a tendency to form ferromagnetic MnAs precip-
itates within the GaMnAs alloy [59]. However, the low
temperature necessary for such precipitate-free growth
also results in the formation of As antisites that form
deep levels, counteracting the effectiveness of the
Mn?* acceptors through compensation. Parameters such
as temperature, relative cation fluxes and As overpres-
sure play an important role in the quality of the final
layer characterized often by the (critical-) paramagnetic-
ferromagnetic transition temperature T.. Efforts to opti-
mize the incorporation of Mn into the III-V lattice have
led to controversial statements [60,61] but good results

MR (%)

Field (kA/m)

Fig. 5. The magnetocurrent characteristics of an optimized GaAs-spin-
valve transistor.
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Fig. 6. SQUID magnetization measurements show the onset of mag-
netic ordering at T, =45 K. The insets show the hysteresis measured
at 7=4 K with the field paralle! to the surface and the paramagnetic
signal at 50 K.

have been obtained by different groups and a T, reaching
110 K has been reported [62].

3.2. The ferromagnetic properties of GaMnAs

The ferromagnetism of III; _ . Mn, As alloys originates
from two ingredients: the obvious presence of magnetic
ions in the form of Mn®* and the high concentration of
holes in these systems, also supplied by the Mn** ion,
which acts as an acceptor when substituted into the HI—
V lattice. The ferromagnetism of III-Mn-V as well as
trends in the observed 7, have been explained by carrier-
induced ferromagnetism in which uniform itinerant-
carrier spin polarization mediates a long-range
ferromagnetic interaction between the Mn?* ions with
spin 5/2 [63]. As was shown recently [64], the mean
field theory based on the RKKY interaction has only
limited validity, and although it can provide a realistic
estimate of T, it fails as a theory of the ferromagnetic
state. It lacks dynamic correlations in the localized and
itinerant spin system.

The most striking magnetic property of III,_ Mn,V
alloys is of course their ferromagnetic behavior below
the Curie temperature. A characteristic hysteresis loop
is demonstrated in the inset of Fig. 6.

3.3. Electronic properties of GaMnAs

Quantitative measurements of saturation magnetiza-
tion Ms result in values close to the calculated value
Npngn,S. However, annealing experiments have
revealed that this value strongly depends on temperature
during or after growth. Mn~As complexes can be
formed during annealing, different from MnAs precipi-
tates formed at higher temperatures. Also the number of
holes for a given Mn concentration x can be maximized

0.030F
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oosk TR e B=058T
oAl -=--B=11T
~ N e B=8T
§
G 0.020f
a B JRTIEI
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Fig. 7. Temperature dependence of the resistivity of Ga0.93Mn0.07As
in a constant applied field of 0.58 T, 1.1 T and 8 T.

during growth by optimizing the growth parameters so
as to reduce the As antisites.

Hole concentrations in magnetic semiconductors are
determined from Hall effect measurements but an accu-
rate measurement is often troublesome, if possible at
all, due to the contribution of the extra-ordinary Hall
effect term. Moreover, the negative magnetoresistance
effect and, at very low temperature, the contribution of
a hopping component to the carrier transport further
complicate the measurements.

According to Oiwa et al. [65] the magnetoelectronic
states can be divided into three concentration regions:
samples in the region 0.01 <x<0.03 are ferromagnetic
but insulating (i.e. their resistivity increases dramatically
with decreasing temperature; those in the range 0.03 <
x<0.06 are metallic (i.e. their resistivity below T, is
approximately independent of temperature); and those
samples with Mn concentration in the range above 0.06
again showing insulating behavior, most probably due
to increased disorder of magnetic and coulombic nature.
It is also striking that the metallic samples have the
highest values of the Curie temperature.

For a given x there is an almost direct proportionality
between the hole concentration p and the corresponding
value of the Curie temperature, up to a value of almost
x=0.06 beyond which T, drops again. The typical hole
concentration is 20% below the Mn concentration due
to compensation [62].

From the magnetic properties of GaMnAs it is clear
that holes have a direct and decisive effect on the
behavior of the system. It is not surprising that the
inverse is also true: transport properties of the alloys are
strongly linked to their magnetic character. One inter-
esting feature common to these materials is that p(7)
displays a peak at the Curie temperature, that is assumed
to arise from enhanced spin scattering as one passes




J. De Boeck et al. / Thin Solid Films 412 (2002) 3~13 9

through the critical temperature as shown in Fig. 7
where temperature sweeps of the resistivity of different
Ga,_,Mn,As layers in a constant field of 0.58 T, 1.1 T
and 8 T are given.

The temperature dependence of the resistivity can be
interpreted as critical scattering by packets of magnetic
spins with ferromagnetic short-range order characterized
by the correlation length comparable with the wave-
length of the carriers at the Fermi level [66]. In addition
to critical scattering, alloys in the insulating regime also
display an enormous negative magnetoresistance occur-
ring at low temperatures, but even at temperatures above
the critical temperature also shown in Fig. 7. Both rapid
rise of the resistivity with decreasing temperature in the
insulating samples, and its dramatic drop with magnetic
field at cryogenic temperatures can be understood in
terms of magnetic polarons. Magnetic polarons, which
form continuously as the temperature decreases, are
extremely efficient scatterers, thus accounting for the
rise of resistivity. Application of a magnetic field
destroys the polarons, restoring the resistivity to what it
would have been in their absence.

The application of Mott’s concept of a mobility edge,
the formation of polarons and the localization in a
magnetic system with coulomb disorder was used to
describe the metal insulator transition in a magnetic
semiconductor [67].

This transition, as well as the negative magnetoresist-
ance is contrary to non-magnetic heavily doped semi-
conductors where a positive magnetoresistance results
from a shrinkage of impurity states orbits in high applied
fields. Localization occurs now because of the combined
action of random potential fluctuations and the magnetic
disorder.

The magnetic properties of diluted magnetic II-VI
(and IV-VI) semiconductors have been studied theoret-
ically in great detail and many results are applicable to
the III-V materials as well, the important difference
being the nature of the Mn impurity atom itself. The
magnetic ion which occupies the cation (Ga) sublattice
in zinc-blende GaMnAs provides a localized spin and
at the same time act as an acceptor. Despite the strong
doping compensation, all III-V Mn materials are heavily
doped p*.

Undoped II-VI magnetic semiconductors show a
spin-glass transition at low temperature due to the direct
antiferromagnetic coupling between Mn ions. Upon
doping, the transition from a spin-glass antiferromagnet-
ic to a ferromagnetic phase happens and is caused by a
RKKY interaction between free carriers and localized
Mn spins. A corresponding change in Curie temperature
from negative to positive occurs and was first discovered
in IV-VI materials by Story et al. [68].

It can be shown [69] that the critical temperature
derived from the RKKY interaction, with the approxi-
mations made, compares well with that derived from a

total low-field magnetic susceptibility of the coupled
system of carriers and localized spins in the mean field
approximation. This important conclusion justified the
application of the mean field theory in GaMnAs and
according to Dietl et al. [63] this model has its origin
in one originally proposed by Zener [70] in an early
attempt to explain ferromagnetism in transition metals.
This semi-empirical approach allows to include e.g.
spin-orbit splitting, the effect of strain and heavy doping
effects based on carrier—carrier interactions and is able
to explain quantitatively the Curie temperature Tc of
GaMnAs (and ZnMnTe doped with nitrogen) and the
influence of strain on the orientation of the
magnetization.

The complex valence-band structure of zinc-blende
ferromagnetic semiconductors was included in the the-
oretical model based on the mean field theory for hole
mediated exchange. It was found that spin-orbit coupling
had an important effect on the Curie temperature and
the direction of the magnetization below T.. Higher
values for T, are predicted for materials containing
larger concentrations of holes and magnetic ions and for
zinc-blende structures with lighter elements like GaN
but also ZnO.

3.4. AIMnAs: a new magnetic semiconductor

With the intention to fabricate heterostructures in
which modulation doping or spin-filtering will become
possible, we studied the growth of Al; _ Mn,As with up
to 4% Mn. Stoichiometric low-temperature MBE con-
ditions are achieved by using an As, flux at the Ga-
rich-to-As-rich growth boundary. The samples were
grown on a GaAs(100) substrate at 230 °C. The two-
dimensional growth as the dominating process is verified
by clearly observed RHEED oscillations and streaky
(1X2) patterns during growth. Structural characteriza-
tion with XRD reveals crystal quality comparable to
GaMnAs. The change of the lattice constant of AIMnAs
is roughly proportional to the Mn flux, suggesting
complete incorporation of Mn atoms.

Fig. 8 illustrates the magnetization measurements on
(a) AlygsMng3As and (b) AlyeeMngosAs. These indi-
cate that the 3% Mn sample follows the Brillouin
function quite nicely and shows no ferromagnetic behav-
ior, while the 4% Mn sample shows a ferromagnetic
signal at low temperatures. The ferromagnetic signal is
ascribed to the presence of nanometer-scale magnetic
particles formed in the AIMnAs layer, most likely MnAs.
AlMnAs layers were then incorporated in heterostruc-
tures. One interesting heterostructure is AlMnAs/8-Mn/
GaAs where a 2DHG is formed at the AIMnAs/GaAs
interface. Below the transition temperature of the Al-
MnA:s, in this case 10 K, we found evidence of a strong
interaction between the magnetic moments near the
interface and the 2DHG. This interaction is visible in




10 J. De Boeck et al. / Thin Solid Films 412 (2002) 3-13

80X10'6 ”0 Sarr;)leA T T T T ]
4+ SampeB + +
—— Brilouin Function, =572
60 - -
o
— +++t °
g 4o + .
5 +*
= +
L 4
20 i
+
0 1 1 1 1 o (s
o] 1 2 3 4 5 6
B(T)

Fig. 8. SQUID magnetization measurements of AIMnAs layers with
(a) 3% and (b) 4% Mn.

the Hall-effect measurements. These observations will
be published elsewhere [71].

4. Spin-injection device trials

In order to demonstrate a spintronic effect, existing
semiconductor devices are mimicked using a combina-
tion of magnetic and semiconductor materials. Examples
are: the spin-FET [72], where magnetic source and drain
are used in a field-effect transistor layout, the hot-
electron metal-base transistor, the spin-valve transistor
[53], where a magnetic multilayer is replacing the metal
base, and light-emitting devices [73,74]. It is important
to realize that for all such attempts, the spintronic device
will not deliver the same functionality or the same
performance as the original semiconductor device. It
would be a mistake to believe that a well-known
transistor structure could be turned into an improved
version by making it function with electron spins rather
than charge. In the best case they illustrate a novel,
magnetic functionality and/or show the effect of spin
transport. Their importance lies in the fact that with the
fabrication of such novel ‘transistors’ the complexity of
the magnetic/semiconductor materials combination is
revealed and our understanding of spin-transport
improves.

4.1. Ohmic or tunnel contact?

Let’s concentrate on the efforts of injecting a spin-
polarized current in a semiconductor from a metallic
magnetic contact. Many attempts have been made to
fabricate such a spin-injection structure using an ohmic
contact. It was recently described [75] why such
attempts are unsuccessful [76,77] when the ferromag-
netic and the semiconductor are in the diffusive contact
regime. The effectiveness of spin-injection from the
ferromagnetic is reduced by a factor M expressing the
mismatch in conductivity and spin-flip length between

the two materials:

Oy An 5
M=1+—""(1-a})
on Ng

o;—0
op=——=
o.+0,

is the bulk polarization of the electrodes, o, ;, are the
spin up (down) conductivities, oy (of) is the total
conductivity in the semiconductor (ferromagnetic metal)
and Ay (N\;) is the spin flip length in the semiconductor
(ferromagnetic metal). For metallic ferromagnets the
value of M is on the order of 100, effectively suppressing
the spin-injection [77].

In most cases, however, the metal semiconductor
contact will not be a clean ohmic contact. The interface
properties will change the electrical behavior of the
metal /semiconductor heterostructure. These electrical
characteristics are normally designed by changing the
electronic properties of the semiconductor using doping
and band-gap engineering such that a tunnel barrier, an
ohmic contact, or a Schottky barrier is formed. An
uncontrolled interface due to phase separation or severe
intermixing leads to unpredictable changes in the device
performance. The structural and magnetic information
on the ferromagnetic/semiconductor interface is quite
substantial, but detailed electrical characterization is
rather limited. For spin-injection there is recent consen-
sus based on experimental and theoretical [78] results
that a tunnel injector is the best alternative. In spin-
injection using tunneling, vacuum barriers [79-81],
Al O, barriers [82,83] and Schottky barriers [84,85]
have been used. From a device perspective, the vacuum
barrier is not very practical and the Schottky barrier
might not be very stable. Our preference goes to the
fabrication of a stable Al,O; oxide barrier such as used
in magnetic tunnel junctions [86-88].

4.2. AL,O;: a good tunnel barrier for spin-injection

We recently applied our expertise in fabricating mag-
netic tunnel junctions to the fabrication of spin-injection
structures for realizing spin-injection components. The
advantages of this approach are that the magnetic prop-
erties of the contact can be well controlled at the metal/
insulator interface, and this interface will be more stable
over time and with temperature than direct metal/
semiconductor heterostructures. Although a Schottky
barrier contact can act as a tunnel injector, recent reports
show 2% spin injection efficiency at room temperature
[84], such devices may suffer from the above stated
problems. The fabrication of the tunnel-injector includes
the epitaxial growth of a semiconductor heterostructure
that should allow the observation of spin-injection. Since
the spin-injection efficiency will be assessed through
the optical response of the structure, surface emitting
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Fig. 9. Schematic cross-section of an LED structure with Al,O; tunnel
barrier injector.

LED components were fabricated (see Fig. 9). GaAs/
AlGaAs heterostructures were grown by MBE consisting
of the active region, interface control, carrier confine-
ment and contact layers for good LED operation. The
sample was unloaded from the MBE and transferred to
the sputtering tool to fabricate a 1.9-nm-thick Al,O;
layer. First an Al layer was deposited which was
subsequently oxidized in a controlled O, ambient of 100
torr. As a magnetic top contact we sputtered NiFe or
CoFe layers. The I-V characteristic show that the tunnel-
injector allows to inject electrons in the conduction band
of the GaAs active region of the LED. The structure of
the AlL,O, was not optimized and first attempts were
made to deposit the Al for the barrier in the MBE
system, without success so far. Using an appropriate
optical assessment technique [89] we recently found
evidence of spin injection exceeding 8% at 80 K using
this type of LED. This is a promising development that
may find further improvement if the barrier structure
can be optimized, possibly using a full epitaxial struc-
ture. The advantage of the oxide barrier approach for
the tunneling is, furthermore, that Si-based spintronic
structures become possible.

Besides the use of the magnetic contacts to realize
spin-injection, moderate spin-injection efficiencies have
been obtained using GaMnAs as a spin-injector [74].
The possibility to incorporate the ferromagnetic semi-
conductors in tunnel structures [90], 2-DEG structures
[71] and Schottky barriers [91] and to control the
magnetism with voltage [92], makes them highly attrac-
tive for future spintronic components. Recent reports on
the spin-polarized tunneling from the valence band of
GaMnAs to the conduction band of GaAs in a p+-
GaMnAs/n+GaAs reverse biased Esaki-type diode
[93,94] brings another degree of freedom to the design
of FMS-based semiconductor structures.

5. Conclusion

Molecular beam epitaxy is an extremely powerful
tool for the exploration of new devices, as proven once
more in the field of spintronics. Through the expertise
gained in the epitaxy of magnetic thin films on semi-
conductors and the realization of magnetic semiconduc-
tor materials, the progress in spintronic devices using
III-V heterostructures has been rapid over the past few
years. This paper has highlighted a few areas of research
and some of the basic challenges for realizing spin-
transport devices.
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